Defect depth profiles for self ion and He Irradiated gold arc obtained from single and multiple scatter dechanneling analysis in single crystal gold films.
INTRODUCTION
The charged particle channeling technique can be a useful tool for measuring defect profiles in ion irradiated crystals. Although much work of this type has been done on silicon and germanium, there has been very little published on the application of the method to measuring heavy ion induced damage depth distributions in metals. In metallic crystals the defects from irradiation, observable by dechanneling, usually consist of point defect clusters, dislocations, faults, etc. These defects introduce distortions in the alignment of the atoms in the crystal rows, through the long-range strain fields that are set up, and thereby introduce observable dechanneling of an aligned beam. In most cases, no direct backscattering from defects is detected in these systems, since the average atomic displacement involved are on the order of,or less than,a few tenths of an angstrom from the atomic row.
The various principles of dechanneling have been discussed previously and can be considered in terms of their applicability to interactions with atoms that are displaced by varying amounts from the perfect strings that constitute the channeling potential. These different approaches to the problem include diffusion in transverse energy space, (1) steady increase of transverse energy.. The precise character of the interaction mechanism for channeled particles with defects in metals is only partially understood. As a first approximation to dechanneling depth distributions in metals the present work examines the results that emerge from single and multiple scattering analysis of measured spectra taken from single crystal thin film specimens of self ion and He irradiated gold. The damage levels were deliberately kept at or below the saturation level for black spot defect clusters as observed by TEM. In order to obtain information about the across-channel displacement distribution of misaligned atoms in the damaged crystal, an analysis of the dechanneling data is done on the basis of the steady increase of transverse energy model using parameters obtained from the multiple scattering analysis.
In addition to its simplicity, the following arguments can be proposed for single or multiple scatter dechanneling analysis. a) Dechanneling theory predicts that diffusion in transverse energy becomes significant beyond about one micron in depth. (6, 7, 8 ) Less complex treatments should be possible, therefore, at shallower depths. / b) Results of our own experiments and those of Swanson et al. (10, 11) indicate that for certain cases thermal and defect dechanneling aire linearly separable and may be treated as independent phenomena. ; c) According to plural scattering theory, (4) keV He ionls passing in a random direction through a thousand angstroms of gold will be n>ear the single scattering limit. From the observed dechanneled fraction at saturation damage in the gold specimens being examined, it is estimated that aboiit 10% of the atoms i will be affected by the strain fields from the vacancy clusters, introduced by self ion bombardment. Thus, the channeled beam will see many fewer lattice atoms to scatter from compared to an amorphous material and should therefore be wall into the single scattering regime. In addition, Jack (12) has showj.1 that thermal dechanneling of keV protons in copper fits a single scattering theory suggesting that other forms of small lattice atom displacements should produce similar patterns. , d) For shallow depths (^0.5 micron) it is the high transverse energy component of the beam that has the greatest probability of interacting with slightly displaced atoms. As is pointed out by Eisen, (13) single scat-tering events should then be sufficient to cause dechanneling. Preliminary work on the obj served damage spectra, for approximately uniform distributions}; of damage .compared to calculated spectra using the steady increase of transverse!energy model, shows that the high transverse energy component of the beam carries'greatest probability for dechanneling from defect clusters in gold (see Section 5)T he choice of single or multiple scattering as a dominant!mechanism is both target and projectile dependent. Estimates of the relative dominance of each mechanism can be obtained by a comparison of their associated: dechanueling probabilities. This is done in the next section. j «
DEFECT DEPTH PROFILES
General observations of heavy ion damage in metals show a sigmoidal build up of dechanneled fraction across the damaged region of bulk specimens with an approximately linear region of dechanneled fraction behind it. The transition -3-from the damaged to the undamaged region is therefore definable. The dechanneled 2 fraction behind the damage zone can be ideally treated as having a constant adjj ditive component introduced by the defects. 3
The attenuation model of dechanneling considers the channeled beam as an ex-9 ;j ponentially attenuated function of depth. Single and multiple scatter dechannels ing both produce such an exponential attenuation. In single scattering the root mean square scattering angle per defect is greater than the critical angle for channeling. In this case the basic equation for dechanneling has been given as
where as:
In performing the data analysis, Y(Z) is calculated point by point from the observed spectra. The depth scale is determined from the usual conversion of multichannel energy to depth through known stopping power values. In the case of films of known thickness the depth scale can be obtained by equating the low energy cutoff with the film thickness. A smooth multiple order polynomial curve in z is fit to these points through a least squares computer program. This polynomial is used as the integral damage profile and is differentiated to yield the final volume distribution. By using this procedure, statistical counting fluctuations and experimental noise are eliminated as problems in the extraction of the damage profile. Since the dechanr.eled fraction behind the damage 2one is usually a constant fraction above the undamaged spectra, the differentiation in Equation 3 produces an effective zero of damage in that region. If this condition is not achieved it is an indication that some perturbation to the transverse energy distribution has occurred.
The single scatter dechanneling cross section a can be taken as the cluster . ss cross section or the atomic cross section for atoms within the defect cluster. In the present work the atomic single scattering cross section was used, where a « irZ Z e d/2E is the total dechanneling cross section per displaced atom ob- Comparison ot the dechanneling probability for single and multiple scattering under given channeling conditions is a useful procedure for determining the relative contribution from each mechanism. For single scattering P(z) = He in gold as a function of the areal density of defects. It is seen that the effect of increasing the probe energy is to decrease the interaction probability as well as to cause a greater difference between the single and multiple scattering probabilities at the higher energy. The horizontal line drawn at P = 1 x 10 is the sensitivity limit in single alignment. As damage is introduced it must cause dechanneling to greater than 1% before it will be observable. It is seen in the graph that for the 0.27 MeV probe the single scattering process will dominate as one comes out of the sensitivity limit which will correspond to ^2 x 10 2 scattering points per cm . This single scattering dominance will exist for dechanneling of less than 10%. In examining the 2 MeV curve it is evident that as soon as the .sensitivity limit for observable dechanneling is reached one is into the multiple scattering regime and continues to be so throughout the entire range thereafter. It is thus on the basis of these results that single scattering is used to analyze the 0.27 MeV data and multiple scattering applied to the 2 MeV measurements.
RESULTS
We will deal first with the results from the 5000 A single crystal gold foil specimen that was irradiated in a random direction with 2 MeV He ions. Since the damaging beam, at 2 MeV, passes completely thru the film before coning to rest, it can be assumed that the energy deposition is approximately uniform across the film. Likewise it is known that in addition to the defect clusters which are • formed by the energetic collisions of the He with gold atoms, a large number of Frenkel pairs will also be generated. Since this bombardment was done at room temperature, it can be concluded that, in addition to spontaneous collapse of collision cascades, a certain amount of kinetic redistribution of interstitials (and possibly vacancies) from the Frenkel pairs will occur thru activated mij gration processes.
•; Assuming a perfect surface, the initial transverse energy is determined by the idealized cylindrical geometry of the axial channel and is given as:
EFFECTIVE CROSS-CHANNEL DISTRIBUTION OF MISALIGNED ATOMS IN THE DEFECT
The total number of particles having transverse energy between o and c, is the so-called integral transverse energy distribution and is
It is the integral transverse energy function that is actually used, since all particles reaching a critical value of transverse energy will be assumed to dechannel.
The various terms used in calculating the change in transverse energy with Jepth have been described before and are here applied directly.
Thus, <5z <5z
which is the full vibrating nuclear contribution, irz e 2 Nd rz z e 2 • which is the non-thermal electronic contribution.
All terms in the above equations are as defined by Foti (2) with e x being the so-called reduced transverse energy. In order to account for the defects we have used a procedure where the defect contribution to the change in transverse energy is given as
In this equation <6 2 > 2 is the mean square scattering angle per linear defect density,)))-the critical angle, C(z) the volume concentration of misaligned atoms in the crystal slice of 6z. The quantity e s is the so-called critical value of the reduced transverse energy and is that value of e j. at which a particle will dechannel. The quantity Q is i scaling factor for the exponential f function.
This f function was obtained by trial and error fitting to the data and is discussed below.
Since the steady increase model assumes that T multiple scattering process is in effect, it is possible to estimate <6 2 > for the defects from the multiple scattering theory of Section 2. Likewise C(z) can be taken from the same source when it is uniform with depth. This then allows a determination of Q to be made by fitting the theoretical and experimental dechanneling spectra, thus allowing the defect transverse energy function to be totally defined.
Calculations of the dechanneled fraction is obtained by using Equation 7 to determine the depth at which particles of initial transverse energy c. will * °r each the critical value e± . This information is used with Equation 9 , which gives the fraction of the particles starting out with energy equal to or greater than r.. , to find the total fraction of particles that dechannel at the depth •L o of interest.
In addition to the f ,(£i) function used in Equation 12 the case of f, = a a constant was also examined. The latter being a case where the defect distribution would be uniform across the channel. A.comparison of the experimental and theoretical dechanneling spectra for these two cases is presented in Figs. 8 and 9 .
It is obvious that the case of only slight displacement of lattice atoms is the correct picture inasmuch as the f (e A ) function of Fig. 9 gives a far better fit to the experimental spectra compared to f, being a constant.
Information about the cross channel distribution of the misaligned atoms can be obtained by examining this f, (e^) function and comparing it to the similar functions used for electronic and thermal dechanneling. This is done in Fig. 10 .
Since the total transverse energy is a sum of kinetic and potential energy in the transverse plate, a determination can be made of the distance of closest approach of the probing particles to the channeling strings as a function of transverse energy. This is done by equating the total transverse energy to the string potential at the turning point in the transverse motion. Using the Lindhard (20) standard potential of 2i2 ,e 2 .
,
one can solve for r, the distance of closest approach of the probing particle to the string axis. Using the values of e^ in Fig. 10 , a conversion is made from e, to the minimum approach distance. The resulting scale is included in the upper abscissa 
